I t is well known that slight disturbances are communicated through the atmosphere at the normal speed of sound without giving rise to any sharp discontinuity, and the conditions of propagation of such disturbances have been examined in great detail both mathematically and experiment ally. That more abrupt or more violent disturbances would tend to give rise to discontinuity, and would be propagated at speeds which could be much greater than th at of sound, appears to have been suggested first by Stokes (1848) in discussing some earlier work by Poisson (1808) . The mathematical treatment of the propagation of disturbances of this character has since been extended in great detail by Airy (1849) , Earnshaw (1859, i 860) , Rankine (1870), Schuster (1893) , Chapman (1899) , Rayleigh (1910) and Taylor (1910) in this country, by Riemann ( i860), Templen (1905) and by Becker (1917 Becker ( , 1921 Becker ( , 1922 in Germany, and indepen:
W . P a y m a n an d W . C. F . S h ep herd dently in France by Hugoniot (1887) , Hadamard (1903) , Duhem (1909) and Jouguet (1902 Jouguet ( , 1917 . On the basis of their work, equations have been developed by means of which the properties of a shock wave travelling through a homogeneous medium can be calculated provided th at one characteristic is known. Experimental investigations have been mainly concerned with shock waves produced by the detonation either of a gas mixture or of a solid explosive, in which circumstances they are accom panied initially by flame, gaseous products of combustion and solid par ticles, all of which influence the spread of the waves. A shock wave in a simpler form is produced when a diaphragm ruptures under a compressedair load, the characteristics of the wave produced under these known con ditions being determined solely by the volume and pressure of the air so released. The bursting diaphragm method was first used by Vieille (1899) to examine the propagation along a cylindrical tube of waves so produced, with the aid of a mechanical method for recording, at fixed points, the passage of the shock wave and gases. We have been able to apply the wavespeed camera (Payman and Woodhead 1931) , which embodies the principle of Schlieren photography, in a more detailed analysis of the movement of such shock waves along a tube, and this investigation provides a basis for an experimental verification of the theoretical treatm ent.
Apparatus
The apparatus used, in figure 1, consisted of a compression chamber C, and an expansion chamber E, both 2-54 cm. in internal diameter. The compression chamber was provided with end-flanges, to one of which was bolted a plate carrying two electrodes. The diaphragm, D, was clamped between the other flange and one end of the expansion chamber. The full length of the compression chamber was 61 cm., but its effective length was reduced when required in the folloAving manner. A metal piston, 15 cm. long, with a fine hole drilled axially through it, fitted smoothly within the bore, and could be fixed at any point by means of set screws. This divided the compression chamber into two compartments, the one next to the diaphragm being the effective compression chamber. The flow of air through the fine axial hole in the piston when a diaphragm burst was too slow to have a material effect on the development of the disturbance. Compressed air was admitted through a union on the side of the chamber.
The expansion chamber consisted wholly or in part of the special steel vessel described in an earlier paper (Payman and Titman 1935) . This vessel was 37 cm. long and was fitted with three windows along each side, so placed th at a beam of light could pass through them, and Schlieren records could be obtained of the movement of the disturbance travelling along this portion of the expansion chamber. A longer expansion chamber could be obtained by inserting a length of tubing, of the same internal diameter j at either end of the steel vessel, and in this way different portions of the expansion chamber could be photographed.
During, an experiment compressed Air was slowly admitted to chamber C until the diaphragm ruptured. A disk of copper was sheared cleanly from the diaphragm and travelled along the expansion tube unless it was caught, as in some experiments, by means of a trap. This trap was a small piece of brass of aerofoil cross-section, mounted across the expansion chamber. The distance of the trap from the diaphragm was such th at when the diaphragm was bulged outwards by the static air pressure it just failed to touch and be supported by the trap. When projected/the disk wrapped itself round the aerofoil and then offered no serious obstruction to the continued flow of air from the compression chamber.
The time of exposure of the photographic film was synchronized with the instant of rupture of the diaphragm by means of the shutter of the wave-speed camera. This shutter, as it fell in guides, uncovered a slit in front of the film for a period less than the time of one revolution of the camera drum. At the rear end of the compression chamber was placed a match-head, fired electrically, around which a few strands of gun-cotton were wrapped. Compressed air was passed into the compression chamber until the pressure attained was just below th at necessary to burst the diaphragm. When the shutter was allowed to fall, it closed an electric circuit and fired the match-head at a predetermined position before the slit was uncovered. The additional pressure generated by the combustion of the match-head and gun-cotton was small but was sufficient to caus^ almost immediate rupture of the diaphragm, and the pressure effects passed the window in the expansion chamber during the interval of time available. Records show that the fumes from the gun-cotton did not spread into the expansion chamber for an appreciable time, and the pressure effects under examination were not modified by them in any way.
Bursting pressures of copper diaphragms. The diaphragms were cut from copper foil supplied in a convenient range of standard thicknesses. I t was found th at the bursting pressures of diaphragms cut from the same roll seldom varied mere than ± 3 % from the average for th at roll, and a similar variation was found in the average bursting pressures of diaphragms from rolls of the same nominal thickness purchased at different times. The average bursting pressures of diaphragms from various foils obtained over a period of years is given in table 1. The area of foil exposed to pressure W . P a y m a n an d W . C. F . S h ep herd was circular and 2-54 cm. in diameter. The thickness of the copper was within + OOOOl in. of the stated thickness for the thinner foils and within ± 0-0003 in. for the thicker foils. I t is seen th at the bursting pressure is roughly proportional to the thickness. A similar relationship was found by Bonyun (1935) , but his absolute values were approximately double those we obtained. This marked difference may be due to the fact th at he used copper of high chemical purity annealed after rolling in a non-oxidizing furnace, whereas the foils used in the present experiments were cold-rolled and not .annealed. The chemical and physical properties of a diaphragm are therefore of importance in determining its bursting pressure. Another important factor is the nature of the 'cutting edge', th at is, the rim of the flange around which the diaphragm ultimately shears. Difference in the profile of this edge may also account to a certain extent for the different results obtained by Bonyun.
Photographic records
Four typical wave-speed records are reproduced in figures 2-5 (piace 15), and the line diagram, figure 2a, has been added to assist their detailed description. The width of each record represents the full length (37 cm.) of the steel vessel. The total length of tube illuminated and forming the Schlieren field of the wave-speed camera is only 29*1 cm., and the portion of the tube at each end which is not illuminated is shown as a broad vertical black band. The experimental arrangement of the tube for these records is as shown in figure 1, the diaphragm being situated at the righthand end of the chamber. The record proper begins at a distance of 3-5 cm. from the diaphragm, this being the distance represented by the thickness of the black band. In all records the disturbance on its outward journey is shown as moving from right to left, and in the descriptions the windows will be-numbered from right to left, the first window being the one nearest the diaphragm. The two narrower bands running vertically down each record are due to the interception of light by the window frames. In a similar way any opaque body, for example the copper disk, passing across the field of view, will intercept light and be recorded as an inclined black band. A compression wave moving from right to left is shown on the record as a white fine; one moving from left to right, for example a reflected wave, is shown as a black line.
The propagation 'of the disturbance. Before describing the records it will be an advantage to consider how the disturbance is propagated within the system. Figure 6 shows diagrammatically the state of affairs inside the apparatus (a) before the diaphragm ruptures and (6) at the instant before the main shock wave reaches the end B of the expansion chamber. In Explosion waves and shock waves 297 F ig u r e 6. The spread o f the disturbance in the compression and expansion chambers.
figure 6a, DB represents the column of air at atmospheric pressure in the • expansion chamber, and DA the column of compressed air at room tem perature in the compression chamber, the diaphragm being situated at D. When the diaphragm bursts, a shock wave W travels along the expansion chamber at a speed of 2-3 times that of sound. When the wave reaches the position shown in figure 66 some of the air in the compression chamber will have moved into the expansion chamber and its boundary will have reached a point G. Hence, the column of air originally filling expansion chamber now occupies the column GB. We have called this volume of gas, between the shock wave and the gases creating the dis turbance, the 'pressure w ave ' (Payman and Robinson 1926) . At any instant during its outward journey the wave, W, is the boundary of all effects arising from the expansion. In the same way any effect can only be felt for a certain, shorter, distance along the compression chamber. The wave here, G', continuously marking the limit of the disturbance along the compression chamber, is a rarefaction wave, and its speed does not exceed th a t of sound. Hence, at the instant depicted, only the column GG' has begun to expand (and has cooled in consequence), the column G'A being still at its original pressure.
Description of records. For the record shown in figure 2 'the compression chamber was 61 cm. long and the expansion chamber consisted of the steel vessel only. The end of the expansion chamber remote from the diaphragm was closed by a met&l plug. A copper diaphragm 0-002 in. thick was ruptured by an air pressure of 115 lb./sq. in. and the sheared disk was not trapped.
The first pressure effect from the bursting diaphragm is the shock wave W, shown as a thin white line. Immediately after this wave there emerges a series of faint traces (marked V in figure 2 a), the nature of which will be discussed later. This is in turn followed by the front of the expanding air from the compression chamber, shown as a white band, and the copper disk, shown as a wide black band.
The shock wave W travels along the first window at a slowly increasing rate, accelerates more rapidly past the second window, and then proceeds at an approximately uniform speed to the end of the tube. Since the shock wave W is the pioneering effect of the disturbance resulting from the release of the compressed air, its increase in speed can only be due to some effect acting from behind. An examination of a number of the photographic records reveals th at the acceleration is caused by a high-speed shock wave which overtakes and absorbs the primary wave. Though not visible in the reproduction of figure 2, its approximate position is shown by the dotted line Wx in figure 2 a. The feebler trace of the wave as it passes the central window is not due to a reduction in intensity of the wave. I t is an optical effect caused by the shape of the wave. The wave is plane and does not cause appreciable refraction of the central portion of the beam of light. Displacement of the apparatus so th at the centre of the beam passes through either of the end windows results in the wave being recorded feebly as it passes along th at portion of the vessel.
When the shock wave W is reflected a t the closed end B its speed relative to the wall of the tube is reduced. This, the 'apparent' speed, is not the true speed of the wave relative to the medium, which is in motion. The reflected wrave, shown as a black trace, is marked RW in figure a t 0 it meets the front of the air released from the compression chamber and undergoes a further loss in apparent speed.
The air escaping from the compression chamber travels at a fairly uniform speed, and its front is well defined ( , figure 2 until it is met and retarded by the reflected shock wave. Prior to the collision the compressed air expands freely, but afterwards its expansion begins to be conditioned by the closed end B.
The width of the shadow cast by the copper disk gives an indication of the orientation of the disk with respect to the tube. When it first comes into view in figure 2 the disk is turning broadside to the windows and therefore edgeways to the air stream. When the band narrows later the disk has turned.
The fumes from the gun-cotton, which have not started to emerge from the compression chamber at the end of the time interval covered by figure 2, are shown at the lower right-hand corner of figure 3. For this record a diaphragm bursting at 430 lb./sq. in. was used, and the length of the expansion tube was increased to 67-7 cm. The steel vessel was next to the diaphragm. The reflected wave appears much later in this record, on account of the greater distance of travel beyond the portion photographed. The compression chamber was again 61 cm. long.
For the record reproduced in figure 4 a diaphragm bursting at 640 lb./sq. in. was used and the trap was fitted in the expansion chamber. The compression and expansion chambers were of the same length as for figure 3.
For figure 5 the disk was not trapped and the length of the compression chamber was reduced to 1*02 cm. The expansion chamber was again 67-7-cm. long, and the diaphragm burst at 430 lb./sq. in. as for figure 3. The effect of the one difference between these two experiments, the length of compression chamber, is well marked, for with the shorter chamber there is a more rapid decay in the speed of the air and the air expands to a much smaller distance.
The rupture of the diaphragm. These four typical diagrams help us to visualize the mode of rupture of the diaphragm, and to trace the origins of the various pressure effects. The sequence of events at the diaphragm cannot be observed directly, since the first 3*5 cm. of the tube are not photographed. The instant of departure of each pressure effect from the diaphragm, th at is, from the end of the compression chamber, is estimated by producing its trace backwards, a procedure which may not be wholly free from error. This is done on the explanatory diagram (figure by the broken lines over the right-hand band. Zero time, at which the dia phragm ruptures, is the moment when the primary shock wave leaves the end of chamber C, for the traces of the wave and the copper disk unite at this point. Expansion of the compressed air is momentarily hindered by the disk of copper, and does not become comparatively free until the disk has travelled about a centimetre along the expansion tube and is turning edgewise to the air stream.
The shock wave. At the instant the diaphragm bursts a shock wave is sent along the expansion tube. This primary wave, W, is comparatively feeble and is followed by only a small volume of compressed air. A more powerful shock wave, Wlt is sent out later, when there is full release of the compressed air, and it soon overtakes and absorbs the primary wave. For the l\rst 8 cm. or so of its travel, the stronger wave, which we may term the main wave, has an extremely high speed; later, constant speeds are main tained by both wave and compressed air, the Expansion proceeding under more uniform conditions. The shock wave, the pressure wave and the expanding compressed air constitute the major pressure effects of the disturbance.
Vortex formation. There is, however, another pressure effect arising frqm the compression tube, namely, that giving rise to the traces marked V in the explanatory diagram. These traces are apparently caused by a small amount of compressed air which, escaping at the periphery of the sheared disk at the instant of rupture, follows the primary wave in advance of, and separated from, the main body of compressed air. I t has been shown previously (Gawthrop, Perrott and Shepherd 1931) th at on the emergence of a shock wave from the open end of a tube a vortex is set up in the rear of the wave, and this moves forward, maintaining its identity, at a com paratively high speed. The traces V probably arise from a similar formation set up in the expansion chamber, for it would appear, from the evidence of numerous experiments, that the air which first escapes from the com pression chamber initially travels through the air in the expansion chamber as a discrete entity. Although there is little diffusion during the very early part of its travel, the vortex formation soon begins to disintegrate and the traces V to become irregular.
Variation in bursting pressures
We may now proceed to a discussion of the quantitative experiments in which the speeds of the pressure effects were measured with and without the trap designed to catch the sheared disk. The compression chamber was 61 cm. and the expansion chamber 67-7 cm. long, and end B was permanently closed by a brass plate.
(a) Experiments without trap. The photographic records are similar in type to th at shown in figure 3, though at higher pressures they become more confused owing to the increased intensity and closer proximity of the pressure effects. In table *2 are recorded the speeds of the primary shock wave W, and the initial and final speeds of the main shock wave Wv The table also, gives the speeds of the compressed air and of the copper disk D, both of which are sensibly uniform. The speed of the vortex formation V is not given as, in general, it is the same as G. All measurements are made from the photographic records and speeds are relative to the walls of the tube. The photographic field begins 3-5 cm. from the diaphragm and extends for a further 29*1 cm. Each value is the mean of three or more repeat experiments. There is at first a steady increase in the speed of the primary and main shock waves as the bursting pressure increases, the lowest speed recorded being much higher than th at of sound. The acceleration of the primary shock wave due to the arrival of the main shock wave is evident from a comparison of columns 2 and 4. It is the speed of the main wave which is the true index of the pressure level in the compression chamber. The results suggest that, as the bursting pressure is increased, the speed of the shock wave produced tends towards a maximum value, as does also the rate of flow of the compressed air. This is shown in figure 7 , where the steady speeds of the main wave, W, and the speed of the compressed air, G, are plotted against the bursting pressures of the diaphragms. (b) Experiments with trap. The experimental arrangement was similar to that used without the trap, but a different ' cutting edge5 altered slightly the bursting pressures with diaphragms of a given thickness. Speed measurements are given in table 3.
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When these results are compared graphically with those given in table 2 (see figure 7) , it is seen th a t the presence of the trap makes little difference either to the final speed of the shock wave or to the speed of the compressed air. The main difference introduced by the trap is in the early stages, immediately after the diaphragm has rup tu red ; the release of the compressed air appears to be more continuous, for the trap begins to function immediately the disk is released. Consequently the compressed air escapes a t a progressively increasing rate as the copper disk rolls itself round the trap and the formation of a single powerful wave is avoided. Instead, there is a series of feeble waves which ultimately build up the primary wave into a main wave of intensity similar to th a t given by the same bursting pressure without the trap. The behaviour of the wave and gases is thereafter the same, so th at the final uniform speeds are not sensibly altered by the presence of the trap. The reflected wave. The wave RW reflected from the closed end B is of importance in the study of the later effects arising from the compression chamber. In all the records of this series of experiments the front of the air from the compression chamber has passed all three windows some time before the reflected wave first appears in the left-hand window (at a time about 2*7 msec, in figures 3 and 4). Thus the reflected wave is now travelling through air from the compression chamber moving in the opposite direc tion and, until it passes into the gases from the gun-cotton, its apparent speed is approximately constant. This indicates th at there is little change in the speed of the air current encountered; the continued steady rate of flow is important, for it remains comparable in value with the initial rate which was responsible for the uniform speed of the main shock wave. The apparent speed of the reflected wave after it enters the air from the com pression chamber is approximately the same whatever the bursting pressure used (with or without the trap), and is 200-210 m./sec. Not only is the speed independent of the initial pressure in the compression chamber, but so also is the time of appearance of the reflected wave measured from the moment of rupture of the diaphragm. This means th at the shock wave, on its journey to the closed end and back again to the starting point, travels at an average speed which is independent of the bursting pressure. Moreover, the time taken for the whole journey is almost exactly the same as the time taken by a sound wave to travel the same distance through air at N.T.P. This remarkable'result is true also for all expansion systems used when chamber C was not shorter than chamber
The time taken for a sound wave tQ travel the return journey at 340 m./sec. would be 3-8 msec. With pressures varying from 60 to 1100 lb./sq. in. the average time taken by the shock wave is 3-95 msec. When the trap is present the average time is 3-90 msec. W ith a compression tube 61 cm. long and an expansion tube 37 cm. long the times are 2*03 msec, for the sound wave and 2-10 msec, for the shock wave. Similar results were obtained with a still shorter expansion chamber.
This agreement indicates th at there is a relationship between the true speed of the shock wave and the speed of the following air current. The proviso th at the length of chamber C is similar to th at of E merely ensures th at the steady rate of flow from the compression chamber is maintained until the shock wave has returned to its starting point. Under these conditions the speed of the wave is so governed by the expansion of the compressed medium that, in so far as the outward journey is made in less time than would be required by a sound wave, then the time required for the return journey is correspondingly increased -as a result of the changed physical condition of the medium encountered by the reflected wave.* On impact with the closed end B of the expansion chamber the main shock wave is reflected and the pressure there is almost instantaneously increased. Travelling away from the closed end, the wave encounters and stems the oncoming stream of compressed air which hitherto has been moving forward at a uniform rate in the process of pressure equalization. From the moment of arrival of the wave, the pressure at the closed end will rise or fall, in diminishing surges due to repeated reflexion of the shock wave, until finally a steady pressure is reached, the level of which is determined by the bursting pressure and the lengths of compression and expansion chambers.
Variation in length of compression chamber
For the next series of experiments the compression chamber was shortened by means of the piston described earlier, the match head and gun-cotton being fired in the rear compartment. An expansion chamber 67-7 cm. long was used, with diaphragms bursting a t 430 lb./sq. in. No difference was observed in the speed of the main shock wave when the length of the compression chamber was reduced fcom 61 to 6*35 cm., and the average speed at which, the compressed air traversed the whole field was reduced only by a few metres per second. The results obtained without a trap are summarized in table 4; repeat experiments with the trap gave approximately the same results. Figure 5 shows the disturbance with a compression chamber 1*02 cm. long, and this should be compared with figure 3 in which the compression chamber was 61 cm. long. That increase in length of the compression chamber above about 6 cm. has no appreciable effect on the speeds of the main wave and of the front of the compressed air is due to the fact th at the whole column of com pressed air does not begin to expand immediately the diaphragm ruptures; the start of expansion spreads progressively layer by layer through the compression chamber. For example, if the whole column has not begun to expand when the main shock wave and the front of the compressed air Vol. 186. A. 20 have both passed out of the field of view (cf. the typical record, figure 3) , the progress of these effects up to this stage is quite unaffected by the column of gas still fully compressed in chamber C. The length of the column of air which has begun to expand at any instant is defined by the distance which the rarefaction wave has travelled along the compression chamber, and records of this wave, obtained by using the vessel with windows as the compression chamber, show th at it moves at approximately the speed of sound. The rarefaction wave is ultimately reflected a t the closed end A and then follows the main wave, its apparent speed being increased because i t is now moving in a medium which, though cooled by partial expansion, tis itself moving in the same direction. W ith short com pression chambers the influence of this rarefaction wave will soon result in a reduction, first in the rate of expansion of compressed air and, later, in the speed of the main wave. With longer compression chambers the degrading effect of the reflected rarefaction wave will be proportionately delayed. Thus the sole effect of increase in length of the compression chamber, th a t is, of increase in the volume of air released, is to extend the period during which the wave and compressed air are maintained at their steady. speeds. The records obtained in. these experiments show the characteristics previously described, these being the primary wave, the vortex formation and the main body of compressed air which gives rise to the main shock wave. The identities of the vortex formation and the main body of compressed air are very clearly brought out in figure 5 , there being a perceptible interval of time between their appearances. I t will be seen from table 4 that the speed of the primary wave is independent of the length of the compression chamber, a finding which is in keeping with the suggested origin of this wave. On the release of the main body of the compressed air the main shock wave is set up at a speed which is also independent of the length of the compression chamber; this speed over the first 8 cm. travel is about 1000 m./sec. The final speed of this wave is, however, governed to some extent by the length of the compression chamber, since when this is reduced below 6*35 cm., the speed of the main wave is also reduced. W ith the shortest compression chamber, 0-42 cm., the primary wave is not overtaken by the main wave (which is rapidly degraded), and its speed remains practically unchanged.
Variations in the expansion chamber
I t had been expected that the copper disk, if allowed to travel along with the several pressure effects, would have a large influence on their mode of propagation. Actually its influence was found to be small, for, as is seen from the records, the disk soon lags far behind. There is thus no need for the trap in the expansion chamber, and since the presence of the trap has been found to cause some confusion during the early stages of the disturbance, its use was discarded in the later experiments.
Conditions at the end of the expansion chamber. For figures 8 and 9, plate 16, the expansion chamber was 67-7 cm. long and the compression chamber 61 cm. long; diaphragms bursting at 430 lb./sq. in. were used. The expansion chamber was made up of the steel vessel and an extension tube, and by interchanging these two sections we could photograph the disturbance in each half of the expansion chamber. Figure 8 is a com posite record showing the spread of the disturbance throughout the closed expansion chamber. For figure 9 the end of the expansion chamber was open, and the disturbance is shown spreading through the chamber and then outwards in free air for a distance of 90 cm.
A comparison of these two figures shows th at the disturbance develops along identical lines until the main shock wave reaches the end of the expansion chamber. Thereafter, the development of the disturbance in the chamber is governed by the conditions at the end. In figure 8 the uniform speed of the main shock wave is 700 m./sec.; this speed persists until the wave is reflected at the closed end. The front of the air from the compression chamber retains its initial speed of 445 m./sec. until it collides with the reflected shock wave, whereupon the air is retarded and the speed of the wave reduced. At the time of the collision, the whole column of compressed air in chamber C has not started to expand, and the prevailing conditions of expansion correspond with a compression chamber of infinite length. The confining influence of the closed end at B is not felt by any moving layer of air until the layer is absorbed in the reflected wave RW, and until this occurs each layer continues to move as though the expansion chamber were of infinite length. The apparent speed of the shock wave after reflexion is 35Q m./sec., and this speed falls to about 200 m./sec. soon after the wave enters the air released from the compression chamber. The uniform speed of wave RW (350 m./sec.) suggests uniformity of conditions in the air in the pressure wave which is, of course, heated by adiabatic compression, thereby causing the intrinsic speed of the wave RW to be increased', the further apparent loss in speed which the wave suffers on entering the air from chamber C is due largely to the reduced temperature.
In figure 9 the shock wave also maintains the speed of 700 m./sec. until it reaches the open end. The front of the air from the compression chamber travels at a uniform speed of 445 m./sec. until it is rapidly accelerated at a point within 3-5 cm. of the open end. This phase of accelerated motion is not shown on the record because it occurs in the chamber beyond the end window; it can be deduced, however, from the times at which the front of the compressed air disappears from view at the end of the last window and then reappears beyond the open end, and for a distance of 15 cm. beyond the end the air travels at a mean speed of 700 m./sec. The accelera tion of the air front is due to the open end, and its cause has been discussed in an earlier paper (Payman and Shepherd 1937) . When the main shock wave reaches the open end it begins to spread spherically in free air; its speed falfs rapidly and is only 360 m./sec. at a point 30 cm. from the end. As it emerges from the tube the wave sets up a well-defined vortex ring which remains intact for some 30 cm. travel, over which distance it has an average speed of 215 m./sec. This vortex ring is a phenomenon quite distinct from the vortex formation set up within the expansion chamber at the instant the diaphragm ruptured. (As is clear from the dispersion of trace V, this latter formation is broken up before it reaches the open end.) The air from the chamber C appears to suffer a marked deceleration when it passes through the vortex ring; it preserves a well-defined front over a distance of at least 90 cm: at the end of which its speed is still 165 mu/sec.
We have obtained spark photographs showing the configuration of the disturbance beyond the end of the expansion chamber. The distance scale on these records is 2-1 times th at of the wave-speed records and the various traces are reversed, black to white and vice versa. Figures 10-13 , plate 17, show early stages in the growth of the shock wave and of the accompanying vortex ring,* the experimental conditions being the same as those in the wave-speed record (figure 9). Clearly shown on figures 12 and 13 is the fine-line structure in the vortex ring and in the air stream, which thus far is composed solely of the air layers which constituted the pressure wave within the tube. Figures 14-17 , plate 18, show the later stages in the disturbance and it is clear th at there is little lateral expansion of the air stream ; it would appear almost as though the air is constrained to travel in an imaginary cylinder bounded at the front by the vortex ring. The fine-line structure is a Schlieren effect set up by a stationary sound wave system ; one well-marked white trace persists throughout the records, and its' counterpart is equally well marked on the wave-speed record (the trace being black in this case) at a distance of about 5-7 cm. from the end of the chamber. The wave causing this trace remains almost stationary throughout the whole history of the disturbance, although there is a slight shift outwards when the compressed air from chamber C begins to emerge. This shift is shown by the wave-speed record and, on the snapshot record, it occurs between figures 14 and 16. On the intermediate record ( figure 15 ), the air from chamber C has just started to issue from the expansion chamber. On figures 16 and 17 the traces of the shock wave apparently passing through the air stream are caused by the main shock wave which, having passed out of the normal field of view (defined by the reflected beam of light), is giving rise to a secondary Schlieren effect as it passes through the incident beam. The true positions of the wave in each of these two illustra tions are 26 cm. ahead of the positions shown.
There is another interesting feature of all wave-speed records showing the discharge of pressure effects from the open end of an expansion chamber. Sooner or later, there is developed on the records a banded appearance. With low pressures, the bands are formed almost immediately the shock wave emerges into free a ir; with high pressures, they only become evident when the discharge has lasted several milliseconds. The banded appearance is most clearly brought out when a diaphragm bursting at a low pressure is used in conjunction with a low film speed, and figure 18, plate 15 was obtained in this way; it shows the external disturbance originated by a diaphragm bursting at 120 lb./sq. in. The bands begin to form before the gasps originally contained in the compression chamber start to emerge, an occurrence which causes a sudden shift outwards of the first two or three bands. Then follows a period during which the bands, apart from a momen tary reversal due to the copper disk, drift slowly towards the end of the expansion chamber until finally they converge rapidly.
These bands are the Schlieren traces of a series of 'stationary' sound waves in the stream of gases issuing from the expansion chamber, and the drifting of the bands is a natural corollary of fluctuations in the speed, tem perature and pressure of these gases. The characteristics of such stationary waves, produced when jets of gas issue from small nozzles, have been examined by Emden (1899), Prandtl (1907) , Stanton (1926) and Hartmann (1931) . In our experiments, the gases issue, abruptly at first, from a uniform tube, 2-54 cm. in diameter. Figures 19 and 20 , plate 18, are records obtained under the same experimental conditions as figure 18 and they show the criss-cross structure of the waves within the . air stream which causes the banded appearance on the wave-speed records. (The shock wave shown on figure 20 is due to the secondary Schlieren effect already men tioned.) On many wave-speed records, there is evidence of a similar banded appearance in the air stream within the expansion chamber, the bands again being due to stationary waves. This effect is faintly shown, for example, in figure 3, plate 15, a system of about ten bands being visible just behind the front of the air from the compression chamber.
The vortex formation within the expansion chamber. We have suggested that the primary wave set up by the rupture of the diaphragm is accom panied by some kind of vortex formation which gives rise to the traces marked V in figure 2 a, plate 15. This vortex formation, though apparently stable in the early stages, soon begins to suffer dispersion as is to be expected with any such system travelling along a uniform tube.
In our photographic studies of shock waves, it has been invariably found that a vortex of the simple ring type is formed at the mouth of any orifice through which a shock wave is made to pass. Vortices so formed are found to behave in much the same manner as do simple and slowly moving 'smoke-rings'. *For example, the passage through an orifice of two shock waves in quick succession results in two vortices, the second of which will gather speed and, on entering the sphere of influence of the first vortex, will shrink to pass through it, an interchange of positions which is then repeated. Figures 10-13 , plate 17, show the structure of this simple type of vortex which can retain its identity and clarity of outline despite a high rate of advance, in these illustrations 215 m./sec. By analogy with smoke rings, it is assumed that the vortex set up by a shock wave is composed of a discrete quantity of the gas originally within the orifice and th a t for some appreciable time there is little or no diffusion at the bounding surface as the ring expands.
We have used this property of a shock wave in a photographic study of the behaviour of vortices formed inside the expansion chamber. In one series of experiments the requisite orifice was arranged in a brass plate mounted across the expansion chamber not less than 30 cm. from the diaphragm. The shock wave travels along the expansion chamber and, on reaching the restriction, part is transmitted through the orifice and the remainder is reflected from the solid portion of the restriction. Schlieren records show th at under these conditions a well-defined vortex is set up by the transmitted w ave; the stability of the vortex depends upon numerous factors, in particular on the strength of the disturbance reaching the restriction and on the diameter of the orifice, although this was not smaller than 1-25 cm. Under favourable conditions, the vortex, recognizable by its distinctive trace, is found to travel at least 10 cm. before dispersion begins and traces still persist after a further similar distance. The records also suggest th at the apparent high speed of vortices so formed is due largely to a motion of the medium itself and th at their intrinsic speed relative to the medium is quite small. In a second series of experiments the conditions under which the vortex was formed were made to correspond more closely with those obtaining a t the instant the copper disk is sheared from the diaphragm and the air disturbance is released. The restriction was a solid disk specially mounted across the expansion chamber so as to leave a narrow annular gap between the disk and the wall of the chamber. A small proportion of the incident wave is transm itted through this gap and gives rise to a forward motion of the gases in the gap, initially in the form of a vortex.
(a) In compression chamber. I t has been stated th a t the main shock wave is maintained at a steady velocity by the movement of compressed air behind it, the velocities of the air and the wave being maxima for the existing conditions of temperature, initial pressure, etc. This would suggest that, other things being unchanged, a faster rate of flow from the com pression chamber should result in a higher speed of shock wave through the air in the expansion chamber. This rate of flow could be increased by heating the air in the compression chamber but it was found difficult to confine the heating to the compression chamber alone. A simpler method of varying the flow was by altering the density of the gas used in the compression chamber, and in table 5 are recorded the results obtained with carbon dioxide and hydrogen. Diaphragms bursting a t 120 lb./sq. in. were used and the expansion chamber contained air.
The photographic records obtained show the same features as with air in the compression chamber. The main shock wave and the front of the gases from the compression chamber both develop uniform rates. The effect of the change of the rate of outflow of the compressed gas is as was anticipated, th a t is, the higher the rate of flow of compressed gas the higher the speed of the shock wave. Since the shock wave is travelling through air in the expansion tube, its speed should be the same for a given rate of movement of gas from the compression chamber whatever the nature of 4. U se of gases other than air this gas, and this is shown to be true by a comparison with the corre sponding values obtained by interpolation from the results given in table 2. The speed of air flow of 270 m./sec. gives rise to a shock wave with a final uniform speed of 530 m./sec., which agrees well with the carbon dioxide value. A speed of air flow of 550 m./sec. gives the corresponding value of 750 m./sec., which agrees equally well with the hydrogen value. (6) In expansion chamber. Experiments have also been carried out with different media in the expansion chamber, air being used in the compres sion chamber. The diaphragms used burst a t 225 lb./^q. in. The results are recorded in table 6, the speed of sound in the gas in the expansion chamber at 10° C being added for purposes of comparison. These experiments serve to show th at the rate of propagation of the disturbance is determined by the nature of the medium in much the same way as is the speed of sound; the effect of the density of the gas in the expansion chamber on the rate of expansion of the compressed air is also well marked. The photographic records are similar to those already described except th at with hydrogen no Schiieren trace of the wave is obtained, and the speed given in the table has been deduced from records obtained with an open-ended expansion tube, for the wave, though not recorded when passing through the hydrogen in this chamber, gives a well-marked trace when it reaches the outside air. It may be noted th a t the speed of the main shock wave is little above the speed of sound in hydrogen, and this accounts in part for the feeble optical effect produced by the wave.
Theoretical
The exhaustive mathematical treatments of the formation and propaga tion of shock waves have led to the development of equations which correlate the speed of a given wave with the temperature and pressure generated in the wave. For convenience we have adopted those given by Becker (1922) though they are essentially similar to those given by earlier workers. The following equations apply to a plane shock wave propagating in a uniform tube as in our experiments:
where D = speed of shock wave, U = speed of gases behind the shock wave, T2 = absolute temperature in the shock wave, P2 = absolute pressure in the shock wave, V2= 1 jp2 = specific volume in the shock wave, Tx -absolute temperature in the undisturbed medium, Px -absolute pressure in the undisturbed medium, Vx = 1/Px = specific volume of the undisturbed medium, (j> = 2 Cv/R + 1, where Cv = mean spec between Tx and T2, n = PJPxWe have used these equations to calculate the average conditions of pressure and temperature in the main wave during the first 8 cm, of its travel and during its later uniform motion, using the measured speeds given in table 2 as the known characteristics. The values are given in table 7, it being assumed that the initial temperature was 0° C and th at the initial pressure in the expansion chamber was 1 atm. (14-7 lb./sq. in.) .
Pressure. I t will be seen th at the calculated average pressure in the shock wave during the initial stage is always considerably less than the pressure in the compression chamber when the diaphragm bursts, being about half at a bursting pressure of 16-3 atm. and only one-fifth at a bursting pressure of 75-8 atm. It must be remembered that these are average pressures in the wave during a phase of its existence in which it is rapidly degenerating, and that the initial instantaneous values must be considerably higher. Although at the moment the diauhragm bursts, the. pressure discontinuity in the wave may be of the same order as the bursting pressure, more nearly approaching it the weaker the disturbance, it is not to be expected th at the pressure can rise as high as th a t in the compression chamber for the speed of the wave, D, and hence also the pressure, P2/P1? are decided by the speed, U, of the gases moving forward behind it. The compressed air is at this moment stationary (that is U 0), and since it can move forward only with a loss in pressure, it is impossible for the wave to be propagated for any appreciable distance with character istics associated with the initial pressure discontinuity between the com pression and expansion chambers. The movement of gases behind the wave. The theory upon which the equations used in these calculations are based requires th a t the shock wave must be accompanied by a movement in the same direction of the gases through which the shock wave has propagated and th a t a particular speed D of the shock wave is always associated with a particular speed U of the gases in its immediate rear. Since, in the present experiments the speeds of both the wave and the following gases have been measured, the results can be used to check the accuracy of the assumption. In the following comparison the results with short compression chambers are not applicable, for with a short chamber the main wave is followed too soon by the rarefaction wave from the emptying compression chamber and steady conditions are not attained.
I t is immaterial whether we regard the shock wave as the cause of the gas movement set up in its rear or as being maintained and its speed determined by the gas flow in its rear. The photographic records show th at the gases in the pressure wave are moving forward at a uniform speed, for the reflected wave travels through them at constant speed. Moreover, the speed of the gas layers in the pressure wave must be the same as th a t of the front layers of the gases from the compression chambers so th a t the latter speed may therefore be taken as corresponding with the value U required by the theory. In table 8 the speed of gases, U, calculated for the measured speeds, D, of the wave are compared with the actual rates of air flow as determined experimentally. Except for the last value the agreement of the calculated with the observed results is remarkably close.
Explosion waves and shock waves
A further comparison arises from results of the experiments in which carbon dioxide and hydrogen were used in the compression chamber in place of air (table 7) . Air was used in the expansion chamber and it was found th at the speed of the shock wave therein depends upon the speed of the gases from the compression chamber, being somewhat slower when these gases are carbon dioxide and appreciably higher when hydrogen is used in the compression chamber. The front layers of the carbon dioxide travelled outwards at a speed of 270 m./sec., those of the hydrogen at a speed of 530 m./sec., giving rise to shock wiaves of speeds of 520 and 735 m./sec. respectively. The calculated values of U, corresponding to these speeds of shock waves are 260 and 490 m./sec. respectively, and the close agreement indicates th at the speed of the shock wave, passing in each instance through air, depends solely upon the speed of the main taining gases.
The form of the wave. Although a shock wave is generally referred to as a discontinuous wave, it has been shown by Rayleigh (1910) and Taylor (1910) th at the thickness of the wave is finite. Nevertheless the thickness is extremely minute, being only 66 x 10~7 cm. for a wave travelling through air at a speed of 1000 m./sec. (The mean free path in air is about 90 x 10-7 cm.) The thickness of the front of the wave produced in different gases by a diaphragm bursting under a compressed-air load of 225 lb./sq. in. (table 6) is 88 x 10~7 cm. in carbon dioxide, 159 x 10-7 cm. in air and 1700 x 10-7 cm. in hydrogen. The comparatively high value for hydrogen is significant. I t will be recalled th a t in these experiments the speed of the wave in hydrogen was not greatly above th at of sound and th at the wave produced no Schlieren effect; hence it may be concluded th at the establishment of a discontinuity in any medium becomes increasingly difficult the higher the speed of sound in th at medium and th a t the slope of the wave front is more drawn out the less dense the medium. The latter conclusion is supported by the calculations cited above, the wave front in hydrogen being more than 10 times as deep as th at in air. Furthermore, the pressure in the wave in hydrogen has been calculated and it is only about one-seventh th at of the wave in air from the same disturbance, showing th at the original disturbance is the more easily dissipated the lighter the medium.
Tt is not possible, however, to calculate the duration of the peak pressure in the wave or the pressure gradient in the rear of the wave, because these must depend upon the extent to which the wave is maintained. There is, however, one corollary to the theory of the shock wave, which is important in this connexion and which enables us to obtain a conception of the wave form under specified conditions. The pressure in the gas layers behind the wave front remains at the same peak value attained in the wave front for all those layers which continue to move at a speed U appropriate to the rate D at which the wave front is propagating. As soon as the velocity of any layer falls for any reason below U, so the pressure also falls below th a t at the wave front. This occurs for example when layers behind the wave front are affected by the rarefaction wave. The photographic records considered in conjunction with figure 66 enable us to obtain corroborative information on this point, if we assume as an approximation th at the laws of continuous adiabatic compression are obeyed. It is possible then, by measurement of the distance travelled at any instant to determine the compression ratio and by means of the ordinary gas laws to calculate the pressure attained in the layers of air between the shock wave and the gases moving forward from the compression chamber, th at is in the 'pressure wave'. W ith a diaphragm bursting at 134*7 lb./sq. in. absolute, and a compression chamber 61 cm. long, the uniform pressure in the pressure wave is calculated to be 44*9 lb./sq. in. absolute. According to Becker's equation the absolute pressure in the shock wave preceding the pressure wave is calculated from its speed (560 m./sec.) to be 46*8 lb./sq. in. This means th a t the pressure in the shock wave falls little, if a t all (in view of the approximation used), in the distance defined as the pressure wave. With a still more intense disturbance, with a diaphragm bursting at 544*7 lb./sq. in. (abs.), the corresponding absolute pressures are 73*5 lb./sq. in. in the shock wave and 66*0 lb./sq. in. in the pressure wave. Again the agreement is good, for the error introduced by assuming con tinuous adiabatic compression in the pressure wave will increase in this sense as the intensity of the disturbance is increased. The distance over which the peak pressure in the shock wave will be maintained will depend on the length of the compression chamber, th a t is on the volume of maintaining gases. In the numerical examples discussed above, the figures suggest th at the peak pressure in the shock wave is maintained by the gases in the pressure wave. The method can be extended to show th at this state exists throughout the 67*7 cm. expansion chamber, when the compression chamber is 61 cm. long. Also th at the pressure in the pressure wave persists through part of the column of the gases from the compression chamber, depending upon the position of the rarefaction wave in the compression chamber.
The pressure variations along the compression and expansion chambers can be represented graphically as in figure 21 a, b, which correspond with the instantaneous states depicted in respective diagrams in figure 6 a, 6. The diagrams are drawn to be in keeping, qualitatively, with the results of the experimental work, except th at .the slope of the front of the shock wave W from the vertical is greatly exaggerated.
When the compression chamber is short, the whole column of com pressed air will have begun to expand before the shock wave has traversed the expansion chamber. The sequence of events, showing the degeneration of the shock wave, is shown in figure 22 a-h. I t is between stages e and / that the rate of advance of the shock wave begins to fall appreciably as a result of the decrease in the pressure ratio P2/Px. The sequence of events would be similar with longer compression and expansion chambers.
Calculation of speed of shock wave from bursting pressure. The com parison of calculated and experimental values for the velocity of the shock wave, D, and the velocity of the gas immediately behind it, U, may be taken as a verification of the theoretical relationships which have been advanced, and ShepherdProc. Roy. Soc. A, volume 186, plate 17 or, if the theory is regarded as established, as a confirmation of the accuracy of the experimental method. A further theoretical comparison which is of even greater value, suggested to us by Professor G. I. Taylor, is th at between the pressure at which the diaphragm bursts and th 6 speed of the stable shock wave established when the compression and expansion chambers are long. The treatm ent put forward by Professor Taylor is as follows. The symbols used have the same significance as in the earlier treatm en t; P3 is the absolute pressure of the medium (air) in chamber C, its tem perature. The speed of sound, E, in the compressed air is the same as th at in the air in the expansion chamber.
The values of D and U are governed by the ratio n and the relationship between D and PzjPx is developed as follows. Let us consider the wave of rarefaction which moves into the compression chamber when the diaphragm ruptures. The plane which divides the air originally on opposite sides of the diaphragm moves at speed U (into the expansion chamber); the pressure on both sides of this plane is but the tem perature T2 on the shock wave side of the plane is above and the tem perature Tz on the rarefaction side is below Tx. In the rarefaction wave, the condition (1) is satisfied:
where V3 = 1 IPs-specific volume of the undisturbed medium in chamber C. The wave is a progressive wave without shock surfaces and the move ment U of the air left behind by the wave satisfies the Riemann condition for progressive waves of finite amplitude. This condition is given in (2): On figure 7 are shown the calculated values of D, plotted against the bursting pressure of the diaphragm, and it will be seen that there is only a small divergence between theory and experiment. Some of this divergence arises from the fact that the experimental results were obtained at room temperature (10-15° C), the actual speeds on this account being 2-3 % higher than would be obtained a t 0° C, the tem perature used for all theoretical calculations in this paper.
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